Abstract In a previous study, a marine isolate Clostridium sp. EDB2 degraded 2, 4,6,8,10,4,6,8,10, under anaerobic conditions (Bhushan B, Halasz A, Thiboutot S, Ampleman G, Hawari J (2004c) Chemotaxis-mediated biodegradation of cyclic nitramine explosives RDX, HMX, and CL-20 by Clostridium sp. EDB2. Biochem Biophys Res Commun 316:816-821); however, the enzyme responsible for CL-20 degradation was not known. In the present study, we isolated and purified an enzyme, from strain EDB2, responsible for CL-20 degradation. The enzyme was membrane-associated and NADH-dependent and had a molecular weight of 56 kDa (with SDS-PAGE). N-terminal amino acid sequence of enzyme revealed that it belonged to dehydrogenase class of enzymes. The purified enzyme degraded CL-20 at a rate of 18.5 nmol/h mg protein under anaerobic conditions. Carbon and nitrogen mass balance of the products were 100 and 64%, respectively. In LC-MS-MS studies, we detected three different initial metabolites from CL-20, i.e., mononitroso derivative, denitrohydrogenated product, and double-denitrated isomers with molecular weight of 422, 393, and 346 Da, corresponding to presumed empirical formulas of C 6 H 6 N 12 O 11 , C 6 H 7 N 11 O 10 , and C 6 H 6 N 10 O 8 , respectively. Identity of all the three metabolites were confirmed by using ring-labeled [
Introduction
is a newly synthesized future-generation energetic chemical (Nielsen et al. 1998) , which is likely to replace the conventionally used explosives such as hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), and 2,4,6-trinitrotoluene (TNT) in the future. Initial reports on biological toxicity of CL-20 Robidoux et al. 2004 ) have prompted the research in the area of determining its environmental fate and impacts. It is quite likely that extensive use of CL-20 in the near future (Giles 2004 ) may also raise similar environmental, biological, and health concerns as those previously experienced with structurally similar cyclic nitramines such as RDX and HMX (Etnier and Hartley 1990; Hoek 2004; McLellan et al. 1988; Talmage et al. 1999; Woody et al. 1986; Yinon 1990) .
Several previous reports on microbial (Pseudomonas sp. FA1) (Bhushan et al. 2003) , enzymatic (salicylate 1-monooxygenase and nitroreductase) (Bhushan et al. 2004a,b) , and chemical (alkali hydrolysis) (Balakrishnan et al. 2003) degradation of CL-20 have shown that this compound can be degraded via an initial N-denitration route. Recently, it was found that photodegradation and Fe(0)-mediated degradation of CL-20 occurred via three different routes as shown in Fig. 1 , i.e., N-denitration (route A), N-denitrohydrogenation (route B), and formation of mono-nitroso derivative of CL-20 (route C) Hawari et al. 2004 ). However, no biological reaction has been reported so far, which showed that CL-20 biotransformation can proceed through a route other than initial N-denitration.
In our previous study, we showed that Clostridium sp. EDB2 degraded CL-20 under anaerobic conditions (Bhushan et al. 2004c ); however, the enzyme responsible for CL-20 degradation was not known. Therefore, the objective of the present study was to isolate and purify the enzyme(s), responsible for CL-20 degradation, from strain EDB2. LC-MS (ES − ) was used to determine the initial products and other intermediates produced during CL-20 degradation. We used uniformly ring-labeled [
15 N]CL-20 and uniformly nitro-group-labeled [ 15 NO 2 ]CL-20 to identify the intermediate(s). Radiolabeled [ 14 C]CL-20 was used, due to the unavailability of authentic standards, to quantify the initial metabolites (in terms of radioactivity distribution) in order to supplement the product mass balance. 2, 4, 6, 8, 10, 4, 6, 8, 10, C]CL-20 (96.7% chemical purity, 95.7% radiochemical purity, and specific activity of 294.5 μCi/mmol) were provided by ATK Thiokol Propulsion (Brigham City, UT, USA). Nitrous oxide (N 2 O) was purchased from Scott Specialty Gases (Sarnia, ON, Canada). All other chemicals were of the highest purity grade.
Materials and methods

Chemicals
Enzyme purification and characterization
Cells of Clostridium sp. EDB2 were grown as described before (Bhushan et al. 2004c ). The cell biomass was washed two times with normal saline and one time with suspension buffer (Tris-HCl 25 mM, sucrose 25 mM, PMSF 1 mM, EDTA 5 mM, DTT 0.5 mM). The washed cell biomass (0.2 g/ml) was subjected to disruption with a French press at 20,000 lb/in 2 . The disrupted cell suspension was centrifuged at 9,000×g for 30 min at 4°C to remove cell debris and undisrupted cells. The supernatant thus obtained was ultracentrifuged at 165,000×g for 1 h at 4°C. The pellet (membrane protein fraction) and supernatant (soluble protein fraction) were separated. The membrane-associated protein fraction was dissociated from the membrane preparation by stirring with 0.2% Triton-X-100 for 1 h in an ice bath. The soluble and insoluble fractions of the membrane preparation were separated by ultracentrifugation, and the soluble membrane fraction, thus obtained, was retained. The low molecular weight proteins and peptides were removed from the soluble membrane fraction using 30 kDa cut off membrane, Centriprep YM30 (Amicon Bioseparations). The partially purified protein fraction was concentrated which showed activity against CL-20 in the presence of NADH under anaerobic conditions. Therefore, this protein fraction was subjected to further purification with ion-exchange chromatography with Q-sepharose column (HiTrap Q XL, Amersham Biosciences) using AKTA protein purification system (Amersham Pharmacia). Column bed volume and flow rate were 5.0 ml and 1.5 ml/min, respectively. The proteins bound to the column were eluted with step-gradient method using a 20 mM Tris-HCl (pH 8.0) buffer supplemented with an increasing NaCl concentration (i.e., an increment of 50 mM of NaCl after every 7 min). Enzyme purity and molecular weight were determined with standard SDS-PAGE procedure using 10% polyacrylamide gel (Laemmli 1970) . The protein content was determined with a Bicinchoninic acid protein assay kit from Pierce Chemical Company (Rockford, IL). Enzyme specificity for electron donor was determined by assaying the enzyme against CL-20 in the presence of either NADH or NADPH. K m and V max values against CL-20 were determined with standard Lineweaver-Burk's plots.
N-terminal amino acid sequencing
The purified enzyme was blotted onto a polyvinylidine fluoride (PVDF) membrane (Problott membrane AB #400994) using the method as follows: protein sample (about 250 pmol) was subjected to electrophoresis using a mini gel (Mini Protean II, Electrophoresis Cell, Bio-Rad). Thereafter, the gel was soaked in a transfer buffer [10 mM of cyclohexylamino-1-propanesulfonic acid (CAPS) and 10% v/v methanol, pH 11.0] for 5 min. The gel was sandwiched between two sheets of PVDF and assembled into a blotting apparatus (Mini Protean II, Bio-Rad). Electroelution of proteins was carried out at room temperature for 15 min at 250 mA in transfer buffer. After blotting, the PVDF membranes were stained with Coomassie blue R-250. N-terminus sequence of the isolated protein, on PVDF membrane, was obtained by automated Edman degradation performed on a model Procise cLC 494 cLC protein sequencer from Applied Biosystems employing the general protocol of Hewick et al. (1981) . About 1 pmol of the protein (on Problott membrane AB #400994) was loaded onto the sequencer. A standard program using liquid-phase TFA was employed for sequencing. The phenylthiohydantoin amino acid (PTH-aa) derivatives were determined by comparison with standards (PTH standards, AB) analyzed on-line on a capillary separation system (ABI 140D).
Biotransformation assays
Enzyme catalyzed biotransformation assays were performed under anaerobic conditions in 6-ml glass vials. Anaerobic conditions were created by purging the reaction mixture with argon gas for 20 min in sealed vials. Each assay vial contained, in 1 ml of assay mixture, CL-20 (25 μM or 11 mg l −1 ), NADH (150 μM), enzyme preparation (250 μg), and potassium phosphate buffer (50 mM, pH 7.0). Higher CL-20 concentrations, as compared to its aqueous solubility of 3.6 mg l −1 , were used in order to allow detection and quantification of the intermediate(s). Reactions were performed at 30°C. Three different controls were prepared by omitting either enzyme, CL-20, or NADH from the assay mixture. Heat-inactivated enzyme was also used as a negative control. NADH oxidation was measured spectrophotometrically at 340 nm as described before (Bhushan et al. 2002) . Samples from the liquid and gas phases in the vials were analyzed for residual CL-20 and biotransformed products.
To determine the residual CL-20 concentrations during biotransformation studies, at each time point, the total CL-20 content in one reaction vial was solubilized in 50% aqueous acetonitrile and analyzed by HPLC (see below). Enzyme activity against CL-20 was expressed as nanomoles per hour per milligrams of protein unless otherwise stated.
CL-20 and its intermediates, glyoxal (OHC-CHO), HCOOH, N 2 O, and NO 2 − , were analyzed as described previously Bhushan et al. 2003 Bhushan et al. , 2004a Hawari et al. 2004) . Nitrous oxide detection method (gas chromatograph with electron capture detector) was much more sensitive (lowest detection limit 0.022 nmol/ml) compared to the nitrite detection method (HPLC ion conductivity detector) (lowest detection limit 5.434 nmol/ml).
Due to unavailability of the authentic reference samples of CL-20 intermediates, we quantified the initial metabolites in terms of dpm (radioactivity) counts using radiolabeled [ Previously, we hypothesized that metabolite, IV (and its isomer V) (Fig. 1) , was unstable in water and decomposes spontaneously to eventually produce N 2 O, glyoxal, and HCOOH Bhushan et al. 2004a,b; Hawari et al. 2004) . In order to determine the fate of metabolite IV in the degradation pathway, we produced and purified this compound by degrading CL-20 with resting cells of Clostridium sp. EDB2. The bacterial cells were grown in anaerobic batch culture containing 1 l of LuriaBertani broth supplemented with 15 mg l −1 of CL-20. The cells were separated by centrifugation, washed three times with normal saline, and suspended in 100 ml of 50 mM phosphate buffer pH 7.0. CL-20 (10 mg) was added to the cell suspension from a stock solution made in acetone. Reaction was performed under anaerobic conditions (under argon atmosphere) for 1 h, and thereafter, cells were removed by centrifugation. The supernatant containing the metabolite(s) was passed through Sep-Pak RDX column (Supelco Co.). Metabolite IV and residual CL-20 were retained on the column. The loaded column was first washed with 10 ml of water followed by 10 ml of 10% aqueous acetonitrile solution. The bound metabolite fractions were then eluted with 50% aqueous acetonitrile solution. Onemilliliter-size fractions were collected and subjected to LC-MS (ES − ) to follow the elution profile of metabolite IV. The latter was eluted and collected in acetonitrile-water (1:1) mixture. Acetonitrile was evaporated under argon gas, and water phase, containing the metabolite, was lyophilized at −50°C. The dried material, thus obtained, was stored at −20°C. A part of purified metabolite IV was suspended in deionized water and its disappearance was followed over time using LC-MS (ES − ).
Results and discussion
Enzyme isolation and properties
Previously, we reported that resting cells of strain EDB2 biotransformed CL-20 under anaerobic conditions in the presence of NADH. We detected some end-products including NO 2 − , N 2 O, and HCOOH; however, no other intermediates were detected (Bhushan et al. 2004c ). In the present study, we isolated and purified an enzyme, responsible for CL-20 biotransformation, from strain EDB2. Various protein fractions were made from strain EDB2, and their activities against CL-20 were determined under both aerobic and anaerobic conditions. We found that enzyme activity towards CL-20 was largely associated with membrane protein fraction (Table 1) . Subsequent ion-exchange chromatography using Q-sepharose gave a purified enzyme fraction at 300 mM NaCl step-elution gradient. The molecular weight of purified enzyme was found to be 56 kDa as determined with standard SDS-PAGE (Fig. 2) . The N-terminal amino acid sequence (20 amino acids) of the enzyme was "AVKVAINGFGRIGRLAFRQM." A comparison with BLAST database revealed that N-terminal amino acid sequence of purified enzyme matched with a variety of dehydrogenases from several Clostridium spp., e.g., glyceraldehyde-3-phosphate dehydrogenases from Clostridium pasteurianum and Clostridium acetobutylicum, 20α-hydroxysteroid dehydrogenase from Clostridium scindens, myo-inositol 2-dehydrogenase from Clostridium tetani, and Fe-S oxidoreductase from Clostridium thermocellum with E-values of 8×10 , 0.018, and 0.19, respectively. Therefore, we classified the enzyme, isolated from strain EDB2, in dehydrogenase class.
The enzyme activity against CL-20 under anaerobic and aerobic conditions were 18.5 and 1.6 nmol/h mg protein, respectively, in the presence of NADH, suggesting that anaerobic conditions favored the reaction. As reported in our previous study (Bhushan et al. 2004b ), molecular oxygen (O 2 ) quenches electron from the CL-20 free-radical anion, converting it back to the parent CL-20 molecule and thus enforcing a futile redox cycling. Analogously, in the present study, route A (Fig. 1) , being the major pathway of CL-20 biotransformation that occurs via formation of CL-20 free-radical anion (discussed below), was inhibited under aerobic conditions. Therefore, subsequent experiments were carried out under anaerobic conditions. In enzyme-kinetic studies, we found that the purified enzyme degraded CL-20 at a rate of 18.5 and 2.7 nmol/h mg protein (Table 1) in the presence of NADH and NADPH, respectively, indicating that the enzyme was mainly NADH-dependent. The apparent K m and V max values against CL-20, determined with standard Lineweaver-Burks plots, were found to be 26.8 μM and 25 nmol/h mg protein, respectively.
Biotransformation of CL-20 with purified enzyme
In a time course study, the biotransformation of CL-20 was accompanied by gradual release of nitrite and nitrous oxide (Fig. 3) . The concomitant formation of nitrite with the removal of CL-20 indicated that degradation of the energetic chemical proceeded via initial N-denitration route (Fig. 1a) ; however, we were not sure whether this was the only degradation route. Contrariwise, the release of nitrous oxide from CL-20 was indicative of ring opening and decomposition of the molecule. This is to be noted that CL-20 is unstable in water if kept for longer hours ; however, in the present study, we performed enzymatic reactions for short time period (up to 2 h) and found negligible CL-20 degradation in control experiments without enzyme. Furthermore, during a time-course reaction using HPLC-UV, we detected three different initial metabolites, II, III, IV (and isomer V), that appeared simultaneously as early as 15 min of the reaction (Fig. 4a) . The deprotonated molecular mass ion [M−H] − of the metabolites, II, IV, and V, as determined with LC-MS (ES − ) were 421, 345, and 345 Da, corresponding to presumed empirical formulas of C 6 H 6 N 12 O 11 , C 6 H 6 N 10 O 8 , and C 6 H 6 N 10 O 8 , respectively (Fig. 4c, e-f) . Metabolites IV and V had identical masses and therefore were identified as isomers. However, IV and V were differed in their retention times of 8.65 and 8.10 min, respectively ( Fig. 4 and Table 2), most probably due to difference in their polarities. On the other hand, metabolite III was detected as a mass of nitrate adduct [M+NO 3 ] − at 455 Da corresponding to a presumed empirical formula of C 6 H 7 N 11 O 10 (Fig. 4d) 
. The retention times and [M−H]
− of all the detected metabolites were closely similar with those detected earlier during Fe(0)-mediated reduction and photodegradation of CL-20 Hawari et al. 2004) .
Further confirmation of the above metabolites was carried out by using uniformly ring-labeled [ (Fig. 1) . All of the above metabolites were transient and disappeared with time to eventually produce nitrite, nitrous oxide, glyoxal, and formate (Figs. 1 and 3) . The properties of the above metabolites are described in Table 2 .
Due to unavailability of authentic standards of CL-20 metabolites, we quantified each metabolite by using 14 Cradiolabeled CL-20. Since each of II, III, IV, and V inherited six carbons from the parent CL-20 molecule, the radioactivity associated with each of them and their molar quantities should be comparable with that of CL-20. Therefore, relative quantification of radiolabeled metabolites was carried out by determining the amount of radioactivity (in terms of dpm) associated with each metabolite following their separation and fractionation with HPLC and by comparing them with that of CL-20. Radioactivity distribution associated with metabolites, in terms of percentage of CL-20, has been shown in detail in Table 3 . We were able to recover almost 100% of the carbon mass at 15 and 45 min of the time course.
The nitrogen mass balance was determined from a parallel time-course experiment as shown in Fig. 3 . At 2-h experiment, we recovered 1.5 mol NO 2 − and 3.1 mol N 2 O per reacted mole of CL-20, which accounted for a total of 64% nitrogen. The remaining nitrogen would most probably be present in metabolites III, IV, V, and other unidentified polar products as shown in Table 3 .
Insight into the secondary degradation pathway
In our previous studies, we hypothesized that metabolite IV should be unstable in aqueous medium due to the presence of two imine (-C=N-) bonds, which are very prone to attack by water molecules (March 1985) . We also verified, with LC-MS-MS, the addition of two water molecules to IV using 18 O-labeled water (H 2 18 O) and D 2 O (Bhushan et al. 2004a; Hawari et al. 2004) . In the present study, we isolated and purified IV using resting cells of strain EDB2 (see "Materials and methods"). A part of purified IV was suspended in deionized water and its disappearance was followed over time using LC-MS (Fig. 5a ). We found that metabolite IV was unstable in water and was gradually converted to another metabolite IVa (with a [M−H] − at 381 Da) by the addition of two water molecules across -C=N-bonds. The apparent half-life of IV in deionized water at 10°C was determined as 150 min (Fig. 5a) . Furthermore, IVa underwent rearrangement accompanied by ring cleavage to produce metabolite IVb, which also have a [M−H] − at 381 Da (Fig. 5b) . The latter disappeared with time, suggesting that IVb was also unstable in water. Intermediates IV, IVa, and IVb were also detected during enzymatic and photodegradation of CL-20 in aqueous solution (Bhushan et al. 2004a; Hawari et al. 2004) , suggesting that initial denitration whether chemical, physical, or biological leads to spontaneous decomposition of the molecule. However, intermediates II and III, as described above, were produced in small amounts and did not persist in the aqueous medium; hence, their fates were not determined.
Taken together, the above data suggested that the enzyme degraded CL-20 via three different routes ( Fig. 1 to produce a denitrohydrogenated product, III; and Route C, via transfer of two redox equivalents necessary to produce a mono-nitroso derivative (II) of CL-20.
In conclusion, we demonstrated for the first time that a dehydrogenase class of enzyme from anaerobic bacterial strain EDB2 biotransformed CL-20 via three different pathways which were previously not known in biological systems. The present data suggested that route A may be a major pathway in CL-20 biodegradation followed by routes B and C (Table 3 and Fig. 1 ). The present study has further strengthened our previous findings Bhushan et al. 2003 Bhushan et al. , 2004a Hawari et al. 2004 ) that an initial reaction(s) either via denitration, denitrohydrogenation, and/or nitrosation is necessary and sufficient to destabilize CL-20 molecule leading to its ring opening and decomposition. The data presented here improved our basic 
